Abstract. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) triggers apoptosis in a variety of tumor cells through two of its receptors: TRAIL-R1 and TRAIL-R2. We investigate the susceptibility of human renal cell carcinoma (RCC) cells to TRM-1 and HGS-ETR2, 2 human monoclonal agonistic antibodies specific for TRAIL-R1 and TRAIL-R2, respectively. HGS-ETR2 effectively induced apoptotic cell death in 10 of 11 cell cultures, including 2 human RCC cell lines and 9 human primary RCC cell cultures, with a more pronounced effect after preincubation with anti-human IgG Fc. In contrast, TRM-1 was effective in only 1 primary RCC cell culture. The increased effectiveness of HGS-ETR2 for inducing cell death might have been affected by differences in the cell-surface expression of the 2 TRAIL receptors, namely that TRAIL-R2 but not TRAIL-R1 was frequently expressed in most of the RCC cells tested. The activities of caspase-9, -8, -6, and -3 were increased with HGS-ETR2-induced apoptosis, and cell death could be blocked by specific caspase inhibitors for caspase-9, -8, and -3, and the general caspase inhibitor. In vivo administration of HGS-ETR2 with or without cross-linker significantly suppressed tumor growth of subcutaneously inoculated human RCC xenografts in immunodeficient mice. These results suggest the potential utility of TRAIL-R2 antibody as a novel therapeutic agent in RCC.
Introduction
Renal cell carcinoma (RCC) remains one of the most drugresistant malignancies because of the lack of an effective therapy (1) (2) (3) . It had been found that only about 9% of 39 potential therapeutic agents have some benefits (4) . Although IFN-· and interleukin-2 have been widely used for treating RCC, the overall response rate reached a maximum of only 20% (5) . More effective therapies, including targeted therapies, are clearly needed.
Tumor necrosis factor-related apoptosis (TNF)-inducing ligand (TRAIL), a proapoptotic member of the TNF superfamily (6) , has potential as an effective anticancer agent because it selectively induces apoptosis in a variety of cancer cells, yet is relatively non-toxic to normal cells (7) (8) (9) (10) (11) (12) (13) . In a previous study, we showed that TRAIL combined with adriamycin induced significant apoptosis in human RCC cells. However, TRAIL monotherapy was not as effective (14) . TRAIL triggers apoptosis by binding to 2 receptors: TRAIL-R1 (DR4) and TRAIL-R2 (DR5) (15, 16) . The activation of these receptors results in a signal transduction cascade that initiates both intrinsic (mitochondrial) and extrinsic apoptotic pathways (17, 18) . In addition, TRAIL binds to 2 other receptors, TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2), which lack a functional cytoplasmic death domain, and to a secreted TNF receptor homologue: osteoprotegerin (15, 16, 19) . These receptors have been proposed to inhibit TRAIL-induced apoptosis by acting as DcRs. Potentially, the degree of TRAIL-R1 and TRAIL-R2-mediated apoptosis induced by TRAIL might be lowered in the presence of TRAIL-R3 and TRAIL-R4 activation. Transfection of DcRs into TRAIL-sensitive cells renders them TRAIL-resistant (15, 20, 21) . However, expression of DcRs can be found on tumor cells that are capable of responding to TRAIL. Use of a specific activator of TRAIL-R1 or TRAIL-R2 is preferable to exclude interference from competition with DcRs. Most normal tissues and cells do not show detectable cell-surface expression of TRAIL-R2, and are resistant to TRAIL-R2-mediated apoptosis (22) (23) (24) , although TRAIL-R2 mRNA is detectable in some normal tissues (17) . In contrast, a large number of tumor tissues and tumor cell lines express high levels of TRAIL-R2, and are susceptible to TRAIL-R2-mediated apoptosis (25, 26) . Therefore, selective targeting of TRAIL-R2 might provide a novel and promising therapeutic strategy for human cancers. In the present study, we show that a human TRAIL-R2 mAb, HGS-ETR2, effectively induces apoptosis in RCC cell lines and primary RCC cell cultures, and suppresses tumor growth of 5 ) were transferred to a 5-ml tube, and 10 μl of PE-conjugated anti-TRAIL-R1 or anti-TRAIL-R2 reagent was added. After incubation for 45 min at 4˚C, the cells were resuspended in 300 μl of PBSA buffer for a final flow cytometric analysis with EPICS XL (Beckman Coulter, Miami, FL). The control consisted of cells in a separate tube treated with PE-labeled mouse IgG 1 or mouse IgG 2b . The relative fluorescence intensity (RFI) was determined by calculating the ratio of mean fluorescence intensity for specific staining to control staining.
Apoptosis detections. Apoptosis was determined in two ways.
According to the first method, RCC cells were treated by HGS-ETR2-Fc for 6-12 h, and then washed twice with cold PBS, resuspended in a binding buffer at a concentration of 5x10 5 cells/ml. Subsequently, 5 μl Annexin V-FITC and 5 μl propidium iodide (PI) were added, and cells were analyzed by flow cytometry. According to the second method, both floating and adherent cells were harvested following incubation with HGS-ETR2-Fc for 24 h. Cells were stained with 1 μg/ml Hoechst 33342 (Sigma) at 37˚C for 30 min, and observed under a fluorescent microscope BX51 (Olympus, Tokyo, Japan).
Caspase activity and caspase inhibition assays. Caspase-9, -8, -6, and -3 activities were measured using a colorimetric assay with caspase-9, -8, -6, and -3 Colorimetric Protease Assay kits (MBL) as described previously (29) . The caspase inhibition assay was performed with the caspase-9 inhibitor Z-LEHD-FMK, caspase-8 inhibitor Z-LETD-FMK, caspase-3 inhibitor Z-DQMD-FMK, and a general caspase inhibitor Z-VAD-FMK. Cells were pretreated with these reagents at a concentration of 50 μM for 1 h, and then were incubated with HGS-ETR2-Fc for 72 h. As a positive control, cells were pretreated with the caspase inhibitor, followed by incubation with medium; as a negative control, cells were pretreated with medium followed by treatment with mAbs. Cell viability inhibition was assessed by MTT assay.
Western blot analysis. Cells (1x10 6 ) were plated in 100-mm dishes for 24 h and then treated with the indicated concentrations of HGS-ETR2-Fc for 3-24 h at 37˚C in a cell culture incubator. Cells were lysed for 20 min at 4˚C in a lysis buffer [1% Triton X-100, 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 μg/ml leupeptin, 2 mM PMSF, and 1 mM DTT]. Protein concentration of the extracts was determined by Bio-Rad colorometric assay (Bio-Rad, Hercules, CA). Protein (50 μg) was separated on an SDS-PAGE and transferred to nitrocellulose membrane (Bio-Rad). The membranes were incubated with specific Abs of poly(ADPribose) polymerase (PARP) (Trevigen, Gaithersburg, MD), caspase-6 (MBL), and caspase-3 (Santa Cruz Biotechnology, Santa Cruz, CA). The bands corresponding to specific proteins were detected by HRP-conjugated secondary Abs and enhanced chemiluminescence (Amersham, Piscataway, NJ).
In vivo treatments. In experiment 1, 3 primary RCC cells (RCC2, RCC4, and RCC6) (5x10 6 cells) were suspended in 0.2 ml PBS, and injected subcutaneously into both flanks of male CB.17 SCID/SCID mice (Clea, Japan Inc., Tokyo, Japan), 4-5 weeks of age. Treatment was initiated when the tumor reached 6-7 mm in diameter (a mean tumor volume of 150 mm 3 ). HGS-ETR2 (100 μg/200 μl) preincubated with mouse anti-human IgG Fc at a ratio of 1:1 was administered daily by intraperitoneal (i.p.) injection for 14 days. Mice in control groups received PBS (200 μl) by i.p. injection. In experiment 2, RCC6 was implanted into the right flank of BALB/c nude mice (Clea, Japan Inc.), 4-5 weeks of age, using the same method as in experiment 1. HGS-ETR2 (100 or 300 μg/200 μl) was administered daily by i.p. injection for 14 days. In both experiments, the mice were weighed on a weekly basis. Tumors were measured every 3 days, and the relative tumor volumes were calculated as described (30) . At the time points indicated, the mice were sacrificed under ether anesthesia, and tumors, livers, kidneys, and lungs were dissected, fixed in neutral-buffered formalin, and embedded in paraffin for further study. All treatment protocols were approved by the animal care and use committee of the Kagawa University, Japan.
Statistical analysis. All determinations were made in triplicate, and the results were expressed as mean ± SD. Significance was analyzed by Student's t-test or analysis of variance (ANOVA).
Results

Effects of TRM-1, HGS-ETR2
, and TRAIL on human RCC cells. Two human RCC cell lines and 9 primary RCC cell cultures were examined for their susceptibility to the cytotoxic effects of TRM-1, HGS-ETR2, or TRAIL. As shown in Fig. 1a , only RCC5 exhibited a dose-dependent cell viability inhibition response to TRM-1 treatment. Other cell cultures exhibited limited sensitivity to TRM-1, with loss of cell viability reaching a maximum of 20% at the highest dose (1000 ng/ml). In contrast, treatment with 1000 ng/ml of HGS-ETR2 induced 25-50% of loss of cell viability in all cell cultures except RCC3. Preincubation of HGS-ETR2 with mouse anti-human IgG Fc enhanced cell death induced by HGS-ETR2 in most RCC cells. However, we did not observe a similar enhancement with anti-human IgG Fc combined with TRM-1. In addition, the cytotoxic effect of TRAIL was investigated. In the HGS-ETR2 sensitive cells, TRAIL was as effective as HGS-ETR2 for inducing cell death, but it was weaker than HGS-ETR2-Fc. RCC3, which was insensitive to HGS-ETR2, and was also resistant to TRAIL (Fig. 1a) . The loss of cell viability induced by HGS-ETR2-Fc was examined over time in RCC cells (Fig. 1b) . A 24-h treatment with HGS-ETR2-Fc induced up to 40% cell death in all HGS-ETR2-sensitive cells, with the exception of RCC5, which showed increased sensitivity to this treatment (50% cell death).
Expression of TRAIL-R1 and TRAIL-R2 on the surface of human RCC cells.
To investigate whether the sensitivity of RCC cells to TRM-1 or HGS-ETR2 depends on their receptors, the cell-surface expression of TRAIL-R1 and TRAIL-R2 was examined by flow cytometry. Only 1 of 11 RCC cell cultures (RCC5) expressed TRAIL-R1, whereas TRAIL-R2 was strongly expressed in 10 of 11 cell cultures including 2 cell lines, ACHN and Caki-1 (Fig. 2a) . Interestingly, the TRAIL-R1 positive cells, RCC5, were the only cells sensitive to TRM-1. By analogy, HGS-ETR2-resistant cells RCC3 only weakly expressed TRAIL-R2 (Fig. 2b) . These results suggest a correlation between the cell-surface expression of TRAIL-R2 and the inhibition of cell viability induced by HGS-ETR2 and HGS-ETR2-Fc.
HGS-ETR2 triggers apoptosis in sensitive RCC cells.
The ability of HGS-ETR2-Fc to induce cell death in sensitive RCC cells by apoptosis was evaluated by both flow cytometry and Hoechst 33342 staining. Flow cytometric analysis following Annexin V and PI staining showed the apoptosis induced by HGS-ETR2-Fc (Fig. 3a) . Early and late apoptotic cells were found in all of the sensitive cell cultures after treatment with Table I . The effects of caspase inhibitors on HGS-ETR2-Fc-induced cell death of Caki-1 and eight sensitive primary RCC cell cultures. 
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Tumor cells were preincubated with 50 μM caspase inhibitors or medium for 1 h, and were then treated with 1000 ng/ml HGS-ETR2-Fc for another 72 h. Cell viability was determined by MTT assay. Values represent the mean of three independent experiments with an SD ≤10%, and P<0.01 when comparing each caspase inhibitor treatment to medium in all RCC cells.
- ---------------------------------------------------------------------------------------------------- 1000 ng/ml HGS-ETR2-Fc, whereas few cells of resistant RCC3 showed as apoptotic at the same time point. Nuclear condensation and fragmentation, which are characteristics of apoptosis, were observed in Caki-1 and RCC5 cells after treatment with 1000 ng/ml HGS-ETR2-Fc for 24 h (Fig. 3b) . These data show that the in vitro cytotoxicity of HGS-ETR2-Fc is mediated by apoptosis.
Caspase cascade in sensitive RCC cells treated with HGS-ETR2.
Caspase activation is the final common molecular event required for executing apoptosis in most biological systems (31) . To investigate caspase activation, cell lysates obtained after treating 9 sensitive RCC cells with HGS-ETR2-Fc were incubated with each of the chromogenic substrates for caspase-9, -8, -6, and -3. There was an increase in activity with time for all of the above caspases in an almost synchronous manner (Fig. 4a) . Caspase activity increased 30 min after starting treatment, and reached a peak level after 1-4 h of incubation. Activity decreased gradually over time, but remained above baseline levels after 8 h. Dose-and timedependent activation of PARP, caspase-6, and -3 was also observed after treating RCC cells with HGS-ETR2-Fc by Western blot analysis (Fig. 4b) .
To further examine the involvement of caspases in TRAIL receptor-triggered apoptosis, the effects of the caspase inhibitors Z-LEHD-FMK, Z-LETD-FMK, Z-DQMD-FMK, and Z-VAD-FMK specific to caspase-9, -8, -3, and all caspases, respectively, were tested in HGS-ETR2-Fc-treated Caki-1 and 8 primary RCC cell cultures. As shown in Table I , all of the caspase inhibitors effectively blocked HGS-ETR2-Fc-induced cell death, indicating that cell death is caspasedependent, although the effect of Z-VAD-FMK was the most pronounced and Z-DQMD-FMK was relatively low. Z-LEHD-FMK and Z-LETD-FMK effectively blocked HGS-ETR2-Fcinduced cell death to a similar extent, suggesting the important roles of caspase-9 and caspase-8 in this apoptotic pathway.
Inhibition of RCC xenograft growth in immunodeficient mice.
To confirm the anticancer activity of HGS-ETR2, 2 in vivo experiments were carried out. In experiment 1, a SCID mouse xenograft model engrafted with primary RCC cells was used to evaluate 3 primary RCC cell samples for HGS-ETR2-Fc sensitivity (RCC2, RCC4, and RCC6). Comparison of the growth rates of these tumors revealed obvious variability among tumors. RCC6 (Fig. 5a ) displayed almost a 2-fold greater final tumor volume compared to RCC4 (Fig. 5b) . This heterogeneity of growth rate is typical of primary human cells when transplanted into SCID mice, and may reflect inherent patient-to-patient differences. Treatment with a 100-μg dose of HGS-ETR2-Fc for 14 days significantly inhibited the growth of all 3 tumors (P<0.01 in RCC2 and RCC6, and P<0.05 in RCC4) (Fig. 5) .
In experiment 2, the rapidly growing RCC6 was selected for further investigation of the anti-tumor activity of HGS-ETR2. Nude mice were treated with either 100-or 300-μg doses of HGS-ETR2 for 14 days, and tumor growth was observed during the treatment period and for 4 weeks after cessation of treatment (Fig. 6a) . Dose-dependent growth inhibition was seen with HGS-ETR2 treatment, and this inhibition was significant at both doses (P<0.01) (Fig. 6a and b). HGS-ETR2 at a dose of 100 μg suppressed tumor growth as effectively as that of HGS-ETR2-Fc in experiment 1. The tumor volume remained the same up to 25 days after initiating the experiment in either 100-μg or 300-μg HGS-ETR2-treated mice, however, no animals showed complete tumor elimination. Further histological analysis revealed a significant reduction of tumor cells and an increase of stromal elements in both doses of HGS-ETR2 treatment nude mice (Fig. 6c ). An obvious fibrosis and connective tissue at the periphery of the tumor was frequently observed in 100-μg HGS-ETR2-treated mice (Fig. 6c, 2) , whereas the stromal elements were more commonly observed in the middle of the tumor of 300-μg HGS-ETR2-treated mice (Fig. 6c, 3) . Because of the extent of connective tissue replacement observed, the actual loss of volume of tumors might be much smaller than the tumor volume measurements would indicate. 
Discussion
TRAIL-R mAb-mediated treatment has been shown to be effective in some cancer cell lines (26, 32, 33) , and it is highlighted by the recent introduction of TRAIL-R agonistic antibodies into human Phase I trials (34) . In this study, we examined the effects of two new agonistic human mAbs against TRAIL-R1 and TRAIL-R2, TRM-1 and HGS-ETR2, not only on established RCC cell lines, but also on freshly derived RCC cells and xenograft in an attempt to qualify the in vitro and in vivo sensitivity of human primary RCC cells to these agents. We found that: a) HGS-ETR2 induced apoptosis in most of the primary RCC cell cultures, and HGS-ETR2 cross-linked by anti-human IgG Fc was more effective than HGS-ETR2 alone or TRAIL itself in vitro; b) the efficacy of HGS-ETR2 for these RCC cell cultures is likely to depend on the cell-surface expression of TRAIL-R2, and the apoptosis triggered by HGS-ETR2-Fc was caspase- dependent; c) in vivo administration of HGS-ETR2-Fc or HGS-ETR2 significantly suppressed tumor growth of subcutaneously inoculated human RCC xenografts in immunodeficient mice. These findings suggest that the HGS-ETR2-based treatment may be an effective strategy for RCC.
In this study, HGS-ETR2 was as effective as TRAIL itself in all RCC cells except RCC3, which was also insensitive to TRAIL. In accordance with our data, it is reported that human TRAIL-R1 and -R2 mAbs were cytotoxic only to TRAILsensitive cell lines derived from melanoma (35) . We found that cytotoxicity of HGS-ETR2 combined with a cross-linker was superior to TRAIL or antibody alone. Similar enhancement of the apoptosis-inducing activity of mAb by cross-linker was observed in CD95 and TRAIL-R1 (32, 35) . Previous studies suggested that oligomerization of TRAIL-R1 or -R2 can influence cell death signaling (37, 38) . It is widely accepted that mAbs can have their half-life and agonistic activity improved by modifying the antigen-binding portion or the Fc portion (39) (40) (41) . A more recent study has demonstrated that besides eliminating most TRAIL-sensitive tumor cells the agonistic TRAIL-R2 mAb can also induce tumor-specific effector and memory T cells that can eradicate even TRAILresistant tumor variants, and provide long-term protection from tumor recurrence in vivo (33) . These results suggest that TRAIL-R2 mAb has an advantage over TRAIL because it has the potential to be modified, and TRAIL-R2 mAb-based therapy is promising for treating cancer.
The cell-surface expression of TRAIL-R1 or -R2 is essential for TRAIL-induced apoptosis, although tumor cells expressing these death receptors are not always sensitive to TRAIL due to intracellular mechanisms (42) (43) (44) (45) . We have now provided evidence that the surface levels of TRAIL-R1 and -R2 mainly qualify the susceptibility of these primary RCC cells to the 2 mAbs, as well as TRAIL. Supporting our data, it has been shown that the efficacy of TRAIL correlates with the cell-surface expression of TRAIL-R1 and/or -R2 in leukemia cells (46) . Furthermore, up-regulation of TRAIL-R1 and -R2 by adriamycin (14), 2-methoxyestradiol (47), or IFN-· (48) enhanced the responsiveness of certain cancer cells to TRAIL. Consequently, these observations including ours suggest that TRAIL-R1 or -R2 expression might be a reliable indicator of the degree of cytotoxicity that could be achieved by TRAIL or TRAIL-R mAbs with certain tumors.
It is difficult to examine an isolated TRAIL-mediated signal transduction because various receptors complicate signal transduction. Using the specific mAb, HGS-ETR2, we have been able to evaluate caspase involvement specifically in TRAIL-R2-mediated apoptosis. We found that HGS-ETR2 significantly activated initiative caspases such as caspase-9 and -8, and effective caspases including caspase-6, and -3 in RCC cells. Furthermore, the cell death induced by HGS-ETR2 was significantly inhibited by the specific caspase inhibitors for caspase-9, -8, and -3, and the general caspase inhibitor Z-VAD-FMK. These results suggest that the caspase cascade plays an important role in anti-TRAIL-R2-mediated apoptosis in RCC cells.
Based on the present in vitro results of this study, the inhibitory effects of HGS-ETR2 on human RCC xenograft growth are clearly demonstrated when administered in vivo.
Although the 3 primary RCC cells examined in this study exhibited prominent heterogeneity in their growth rate in SCID mice, cross-linked HGS-ETR2 significantly inhibited the growth of all of these xenografts. An interesting and different result from in vitro experiments was that HGS-ETR2 alone showed comparable growth inhibitory effects to cross-linked HGS-ETR2 in human RCC xenograft. A similar phenomenon was also found in another study, in which a TRAIL-R1 mAb, mAb 4H6, triggers potent apoptosis upon cross-linking in vitro, but causes complete tumor regression without the addition of exogenous linkers in vivo (33) . The mechanism still needs to be clarified, although endogenous oligomerization of mAb or oligomerization of receptors by mAb in vivo has been postulated.
Because the HGS-ETR2 used here is not reactive with mouse TRAIL-R2 in normal cells, the potential toxicity of HGS-ETR2 in humans could not be predicted especially when the antibody needs to be crosslinked. Further evaluation of adverse reactions is needed in humans.
In conclusion, we found that TRAIL-R2 mAb, HGS-ETR2, effectively induces apoptosis in primary RCC cells, in which TRAIL-R2 is frequently expressed. Moreover, it inhibits the tumor growth of subcutaneously inoculated RCC xenografts in immunodeficient mice. These findings provide a foundation for the development of TRAIL-R2 mAb treatment regimens in RCC.
